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Abstract. Toward deuteron nuclear data evaluation, we have been developing a code system dedicated for
deuteron-induced reactions, called DEURACS. In this paper, we review the recent progress in the develop-
ment of DEURACS. To meet increasing and diversifying demands for deuteron nuclear data, DEURACS has
been developed aiming at accurate and comprehensive prediction of deuteron-induced reactions. We present
the results of some comparisons between the DEURACS calculations and experimental data for a variety of
deuteron-induced reactions at incident energies up to 200 MeV. Double-differential cross sections for emission
of neutrons or light ions up to A = 4 and cross sections for production of residual nuclei are analyzed. Neutron
yields from deuteron bombardment on thick targets are also analyzed by the Monte Carlo transport simulation
based on the deuteron nuclear data provided with DEURACS. Through comparison with experimental and other
calculated data, validation of the present modeling in DEURACS is discussed.

1 Introduction

Intensive neutron sources using (d, xn) reactions on light
elements (e.g. Li, Be, and C) have been proposed for vari-
ous applications such as irradiation testing for fusion reac-
tor materials [1] and radioisotope production for medical
and other purposes [2, 3]. Moreover, transmutation sys-
tem using deuteron-induced spallation reactions has been
recently proposed for several long-lived fission products
(LLFPs) [4, 5]. In relations to these applications, there
are various needs for deuteron nuclear data. Accurate data
for double-differential cross sections (DDXs) for (d, xn)
reactions on light nuclei are necessary for the design of
neutron sources. Cross-section data for the production of
residual nuclei are also important to evaluate transmuta-
tion efficiency of LLFPs and to estimate induced radioac-
tivity in accelerator structural materials. Data for compos-
ite particle emission are also needed to estimate production
of tritium and helium gases in structural materials. How-
ever, currently available experimental and evaluated data
of deuteron-induced reactions are not necessarily enough
for the requirement. Hence, theoretical predictions play a
key role in completing the required cross-section data by
interpolation and extrapolation of experimental data. Un-
der the above situations, we have been developing a code
system for deuteron-induced reactions, called DEURACS.

Until the last conference, ND2016, we have focused on
the description of nucleon emission so as to contribute to
the design of neutron sources. As a result, DEURACS was
successfully applied to the (d, xp) and (d, xn) reactions up
to 100 MeV [6–8]. In this paper, we review the recent
progress in the development of DEURACS after ND2016.
∗e-mail: nakayama.shinsuke@jaea.go.jp

The main progresses are as follows: (1) extension of the
incident energy range to 200 MeV in the analysis of (d, xn)
reactions, (2) improvement in prediction accuracy of com-
posite particle emission, (3) application to the production
of residual nuclei, and (4) development and validation of
the deuteron nuclear data based on the DEURACS calcu-
lation. In the remainder of this paper, we describe each of
the above items after the brief overview of DEURACS.

2 Overview of DEURACS

The deuteron is a weakly bound nucleus and easily breaks
up through interaction with a target nucleus. Therefore,
DEURACS consists of several calculation codes based on
theoretical models to describe respective reaction mech-
anisms that are characteristic of deuteron-induced reac-
tions. The breakup processes, namely elastic breakup and
non-elastic breakup are calculated using the codes based
on the continuum-discretized coupled-channels (CDCC)
theory [9] and the Glauber model with the quantum S ma-
trices given by the optical model calculations [10], respec-
tively. The (d, n) and (d, p) transfer reactions to the spe-
cific bound states in the residual nucleus are calculated by
a conventional zero-range distorted wave Born approxima-
tion (DWBA) using the DWUCK4 code [11]. The semi-
empirical model by Kalbach [12] with the some modifi-
cations has recently been incorporated to describe pickup
reaction in direct process [13].

In addition to the above-mentioned direct process, the
pre-equilibrium and the compound nucleus processes are
calculated using the two-component exciton model and
the Hauser-Feshbach model implemented in the CCONE
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code [14, 15]. For better prediction of composite parti-
cle emission, the Iwamoto-Harada model [16, 17] of clus-
ter emission is incorporated with the exciton model. In
deuteron-induced reactions, three types of composite nu-
clei can be formed by the absorption of either neutron or
proton in the incident deuteron, or the deuteron itself. In
DEURACS, a calculation taking these effects into account
is performed. More details about the models and methods
in DEURACS are described in Refs. [6, 7, 13, 18]. The
choice and adjustment of model parameters are also de-
scribed in the references.

3 Results and discussion

3.1 Double-differential cross section for particle
emission

Recently, a new measurement of DDXs of (d, xn) reactions
has been performed at an incident energy of 200 MeV [19]
higher than around 100 MeV [20]. Therefore, we ana-
lyze the DDXs of the reaction to investigate the applica-
bility of DEURACS at the higher incident energy. Fig-
ure 1 presents the calculated and experimental DDXs of
the (d, xn) reaction on natural lithium (92.5% 7Li and 7.5%
6Li) at 200 MeV. The emission angle is 0◦. The DEU-
RACS calculation is shown by the solid curves. The target
is assumed to be 7Li in the DEURACS calculation.
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Figure 1. Calculated and experimental DDXs for the (d, xn) re-
action on natural lithium at 200 MeV. Comparison of the DEU-
RACS calculation with the experimental and other calculated
data is presented in (a), and the components corresponding to
each reaction process in the DEURACS calculation are shown in
(b). Open squares are the experimental data taken from Ref. [19].
Note that only in the DEURACS calculation the target is assumed
to be 7Li. See text for the meaning of the curves.

In Fig. 1(a), we also show the values stored in the
deuteron sub-library of TENDL-2017 [21] and the calcu-
lated values with the PHITS code [22] by the dashed and
the dash-dotted lines, respectively. TENDL is the nuclear
data library based on the calculation of the TALYS code.
The models employed in the present PHITS calculation
are INCL-4.6 [23] for the dynamical processes including
breakup reactions, and GEM [24] for the evaporation pro-
cess that subsequently occurs. As shown in the figure,
DEURACS reproduces the experimental data better than
the other results (TENDL-2017 and PHITS) especially at

the broad peak around half the deuteron incident energy.
Together with the results of the previous analyses up to
around 100 MeV [7, 8], these results demonstrate the ap-
plicability of DEURACS to (d, xn) reactions on light nu-
clei at incident energies up to 200 MeV. However, it should
be mentioned that the applicability of the Glauber model
gets worse for high-atomic-number nuclei such as 208Pb
and 238U as mentioned in Ref. [10].

To understand the result of Fig. 1(a) more deeply,
we show in Fig. 1(b) the components corresponding to
each reaction process in the DEURACS calculation. The
dashed, the dash-dotted, and the dotted curves repre-
sent the components of elastic breakup (EB), nonelas-
tic breakup (NEB) and proton transfer (p-TR), and pre-
equilibrium (PE) and compound nucleus (CN) processes,
respectively. The characteristic peak around half the
deuteron incident energy is formed mainly by the nonelas-
tic breakup. Note that the proton transfer (d, n) reactions
contribute only to the sharp peak in the high emission
energy region. This suggests that the model in DEU-
RACS for the nonelastic breakup is more adequate than
those in the other calculations, namely Kalbach’s empiri-
cal model [25] in TALYS and the INCL model in PHITS.

Nest, we analyze the composite particle emission. Fig-
ures 2 and 3 show the results for DDXs of the (d, xt) and
(d, xα) reactions on 27Al at 80 MeV, respectively. Same
as Fig. 1, the values of TENDL-2017 and PHITS are also
presented in Figs. 2(a) and 3(a), and the components cor-
responding to each reaction process in the DEURACS cal-
culation are shown in Figs. 2(b) and 3(b). The dashed
and the dotted curves represent the components of direct
pickup (PU), and pre-equilibrium (PE) and compound nu-
cleus (CN) processes in DEURACS, respectively.
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Figure 2. Same as figure 1 but for the 27Al(d, xt) reaction at 80
MeV. Experimental data are taken from Ref. [26].

In contrast to TENDL-2017 and PHITS, DEURACS
reproduces the experimental data in the wide emission en-
ergy range, as illustrated in Figs. 2(a) and 3(a). These
results are achieved by the inclusion of the model by
Iwamoto and Harada describing pre-equilibrium cluster
emission and the semi-empirical model by Kalbach de-
scribing direct pickup process. On the other hand, some
discrepancies between DEURACS and the experimental
data are seen in the highest energy region. This is due to
that the components of the direct pickup reactions for spe-
cific bound states in the residual nucleus are absent in the
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code [14, 15]. For better prediction of composite parti-
cle emission, the Iwamoto-Harada model [16, 17] of clus-
ter emission is incorporated with the exciton model. In
deuteron-induced reactions, three types of composite nu-
clei can be formed by the absorption of either neutron or
proton in the incident deuteron, or the deuteron itself. In
DEURACS, a calculation taking these effects into account
is performed. More details about the models and methods
in DEURACS are described in Refs. [6, 7, 13, 18]. The
choice and adjustment of model parameters are also de-
scribed in the references.

3 Results and discussion

3.1 Double-differential cross section for particle
emission

Recently, a new measurement of DDXs of (d, xn) reactions
has been performed at an incident energy of 200 MeV [19]
higher than around 100 MeV [20]. Therefore, we ana-
lyze the DDXs of the reaction to investigate the applica-
bility of DEURACS at the higher incident energy. Fig-
ure 1 presents the calculated and experimental DDXs of
the (d, xn) reaction on natural lithium (92.5% 7Li and 7.5%
6Li) at 200 MeV. The emission angle is 0◦. The DEU-
RACS calculation is shown by the solid curves. The target
is assumed to be 7Li in the DEURACS calculation.
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Figure 1. Calculated and experimental DDXs for the (d, xn) re-
action on natural lithium at 200 MeV. Comparison of the DEU-
RACS calculation with the experimental and other calculated
data is presented in (a), and the components corresponding to
each reaction process in the DEURACS calculation are shown in
(b). Open squares are the experimental data taken from Ref. [19].
Note that only in the DEURACS calculation the target is assumed
to be 7Li. See text for the meaning of the curves.

In Fig. 1(a), we also show the values stored in the
deuteron sub-library of TENDL-2017 [21] and the calcu-
lated values with the PHITS code [22] by the dashed and
the dash-dotted lines, respectively. TENDL is the nuclear
data library based on the calculation of the TALYS code.
The models employed in the present PHITS calculation
are INCL-4.6 [23] for the dynamical processes including
breakup reactions, and GEM [24] for the evaporation pro-
cess that subsequently occurs. As shown in the figure,
DEURACS reproduces the experimental data better than
the other results (TENDL-2017 and PHITS) especially at

the broad peak around half the deuteron incident energy.
Together with the results of the previous analyses up to
around 100 MeV [7, 8], these results demonstrate the ap-
plicability of DEURACS to (d, xn) reactions on light nu-
clei at incident energies up to 200 MeV. However, it should
be mentioned that the applicability of the Glauber model
gets worse for high-atomic-number nuclei such as 208Pb
and 238U as mentioned in Ref. [10].

To understand the result of Fig. 1(a) more deeply,
we show in Fig. 1(b) the components corresponding to
each reaction process in the DEURACS calculation. The
dashed, the dash-dotted, and the dotted curves repre-
sent the components of elastic breakup (EB), nonelas-
tic breakup (NEB) and proton transfer (p-TR), and pre-
equilibrium (PE) and compound nucleus (CN) processes,
respectively. The characteristic peak around half the
deuteron incident energy is formed mainly by the nonelas-
tic breakup. Note that the proton transfer (d, n) reactions
contribute only to the sharp peak in the high emission
energy region. This suggests that the model in DEU-
RACS for the nonelastic breakup is more adequate than
those in the other calculations, namely Kalbach’s empiri-
cal model [25] in TALYS and the INCL model in PHITS.

Nest, we analyze the composite particle emission. Fig-
ures 2 and 3 show the results for DDXs of the (d, xt) and
(d, xα) reactions on 27Al at 80 MeV, respectively. Same
as Fig. 1, the values of TENDL-2017 and PHITS are also
presented in Figs. 2(a) and 3(a), and the components cor-
responding to each reaction process in the DEURACS cal-
culation are shown in Figs. 2(b) and 3(b). The dashed
and the dotted curves represent the components of direct
pickup (PU), and pre-equilibrium (PE) and compound nu-
cleus (CN) processes in DEURACS, respectively.
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Figure 2. Same as figure 1 but for the 27Al(d, xt) reaction at 80
MeV. Experimental data are taken from Ref. [26].

In contrast to TENDL-2017 and PHITS, DEURACS
reproduces the experimental data in the wide emission en-
ergy range, as illustrated in Figs. 2(a) and 3(a). These
results are achieved by the inclusion of the model by
Iwamoto and Harada describing pre-equilibrium cluster
emission and the semi-empirical model by Kalbach de-
scribing direct pickup process. On the other hand, some
discrepancies between DEURACS and the experimental
data are seen in the highest energy region. This is due to
that the components of the direct pickup reactions for spe-
cific bound states in the residual nucleus are absent in the

present DEURACS calculation. The problem is caused by
lack of experimental data necessary for extracting spec-
troscopic factors, which determine the absolute values of
these components. Enrichment of experimental data for
the angular distributions of the (d, t) and (d, α) reactions to
the low-lying states in the residual nucleus is expected.
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Figure 3. Same as figure 1 but for the 27Al(d, xα) reaction at 80
MeV. Experimental data are taken from Ref. [26].

3.2 Cross section for production of residual nuclei

Figure 4 illustrates the calculated and experimental cross
sections of the 27Al(d, x)22Na reaction at the incident ener-
gies up to 100 MeV. As shown in Fig. 4(a), the DEURACS
calculation is in a good agreement with the experimental
data in the whole incident energy range. TENDL-2017
reproduces the experimental data only in the low energy
range below 45 MeV, and the PHITS calculation underes-
timates the experimental data in the whole range.
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Figure 4. Calculated and experimental cross sections for the
27Al(d, x)22Na reaction. Comparison of the DEURACS calcula-
tion with the experimental and other calculated data is presented
in (a). The contributions from the absorption of deuteron, pro-
ton, and neutron in DEURACS are shown in (b). The calculated
result with DEURACS in which the breakup processes are not
considered is also shown in (b). Experimental data are taken
from Refs. [27–29]. See text for the meaning of the curves.

To assess the effect of breakup processes in the produc-
tion of residual nuclei, we decompose the calculated val-
ues of DEURACS into the three components, namely the
contributions from three different composite nuclei formed
by the absorption of either neutron or proton in the in-
cident deuteron, or the deuteron itself. They are shown

in Fig. 4(b). The dashed, the dash-dotted, and the dot-
ted curves in the figure represent the contributions from
the absorption of deuteron, proton, and neutron, respec-
tively. We also show the result of the DEURACS calcula-
tion in which the breakup processes are not considered by
the dash-dot-dotted line. The calculation without breakup
overestimates the experimental data. On the other hand, by
considering the breakup processes the deuteron absorption
cross section is decreased and the component of deuteron
absorption (d + A) gets smaller than the values calculated
without breakup. In addition, the components from the ab-
sorption of neutron (n + A) and proton (p + A) appear, and
consequently the sum of the three components reproduces
the experimental data well. This result demonstrates that
consideration of the breakup processes is important also in
the calculation for the production of residual nuclei.

Figure 5 shows the isotopic distribution of rhodium
produced from the 107Pd+d reaction at 200 MeV. Since the
measurement using the inverse kinematic method has been
performed in Ref. [4], the comprehensive data including
the one for the stable 103Rh are available. As shown in
Fig. 5(a), DEURACS reproduce the experimental data in
the wide mass number range. In addition, the influence
of the consideration of the breakup processes is also seen
in Fig. 5(b). In contrast to Fig. 4(a), the PHITS calcula-
tion is in good agreement with the experimental data. This
may be due to that the assumption in an intra-nuclear cas-
cade approach gets better in the high incident energy of
200 MeV, i.e., 100 MeV/nucleon. TENDL-2017 show se-
rious disagreement with the experimental data especially
in the smaller mass number region. Together with the re-
sult of Fig. 4, it can be said that only DEURACS can give a
reliable prediction at the incident energies up to 200 MeV.
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Figure 5. Same as figure 4 but for the rhodium isotopes produc-
tion from the 107Pd(d, x) reaction at 200 MeV. Experimental data
are taken from Ref. [4].

3.3 Neutron yield from thick target

To make use of the result of DEURACS in the Monte Carlo
transport simulation, we have developed the deuteron nu-
clear data based on the DEURACS calculation. In the de-
velopment of the nuclear data, we have adopted the “Frag
Data” format uniquely defined in the PHITS code. The
target nuclei are 7Li, 9Be, and 12C, and the incident energy
range is from 1 to 200 MeV. We have compiled the DDXs
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for the emission of each particle (n, p, d, t, 3He, and α)
and γ-ray in the format of "Frag Data".

To investigate the validity of the transport simula-
tion using the deuteron nuclear data, we analyze the
neutron yields from deuteron bombardment on thick tar-
gets. Figure 6 illustrates the calculated and experimen-
tal thick-target neutron yields (TTNYs) from deuteron
bombardment on (a) natural lithium at 40 MeV and (b)
12C at 18 MeV. Following the experimental conditions in
Refs. [30, 31], the target thicknesses are set to be 21.4 mm
for lithium and 1.0 mm for carbon, respectively. The solid
lines are the calculation results using the deuteron nuclear
data. Note that only the cross sections of the deuteron-
induced reactions on 7Li and 12C follow the data, and other
reactions are described by the models and data imple-
mented in PHITS. The dash-dotted lines are the simulation
results using the PHITS code alone. In the present PHITS
calculation, the approach combining INCL and DWBA de-
veloped by Hashimoto et al. [32] is adopted for (d, xn)
reactions. As shown in the figure, the simulation results
based on the nuclear data reproduce the experimental data
better than the results of PHITS. These results demonstrate
the validity of the nuclear data developed with DEURACS.
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MeV. Experimental data taken from Refs. [30, 31], respectively.
See text for the meaning of the curves.

4 Summary and outlook
We have presented some resent progresses in the devel-
opment of DEURACS. The DEURACS calculations have
reproduced experimental data for a variety of deuteron-
induced reactions at incident energies up to 200 MeV.
Based on the DEURACS results, we have developed the
deuteron nuclear data on light nuclei dedicated for the
PHITS code. The nuclear data has been validated from the
analysis for thick-target neutron yields using the Monte
Carlo transport simulation.

In the future, we plan to make ENDF-6 formatted nu-
clear data so that the DEURACS results can be used in
Monte Carlo codes other than PHITS, such as MCNP.
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